Abstract. 1-O-octadecyl-2-O-methylglycero-3-phosphocholine (ET-18-OMe)-treated precultured heart fragments (PHF) are resistant to the invasion of malignant cells. Previous studies have demonstrated that this effect is due to the alterations of the N-linked glycoproteins in PHF after 48-h ET-18-OMe treatment. Moreover, the observed effect was still present seven days after ET-18-OMe was omitted. The present study reveals that ~13.4% of the administered ET-18-OMe was taken up by PHF and about 75% of the initial uptake was still present after ET-18-OMe was removed. In addition, we found significant changes in the sialic acid content and sialyltransferase activities in both conditions. Overall, these results clearly demonstrate that the uptake and retention of ET-18-OMe are responsible for the resistance to the invasion of malignant cells due to the altered sialylation of the cell surface glycoproteins in PHF.
Introduction
The embryonic precultured chick heart (PHF) invasion assay is used to study the anti-invasive potential of various drugs and their underlying mechanisms of action in three dimensional cultures (1) (2) (3) . The alkyllysophospholipid, 1-O-octadecyl-2-O-methylglycero-3-phosphocholine (ET-18-OMe) ( Fig. 1 ) is a synthetic analog of 2-lysophosphatidylcholine (4) and has been shown to inhibit the invasion of malignant cells into PHF in vitro. Previous studies have indicated that the pretreatment of PHF with 10 μg/ml (76 μM) ET-18-OMe for 48 h was sufficient to induce resistance towards invasion in host tissue by mouse BW-O-Li T-lymphoma cells, LLC-H61 Lewis lung carcinoma cells and mouse MO 4 cells. Resistance was obvious when the invasiveness was assayed either immediately or after the withdrawal of ET-18-OMe from PHF, seven days prior to the confrontation with malignant cells. These observations suggest that the ET-18-OMeinduced alterations in the cardiac tissue and not the changes in the cancer cells, were responsible for the inhibition of invasion. An increase in the molecular weight of the Nlinked cell surface glycoproteins of PHF was apparent upon 48-h ET-18-OMe treatment and after the withdrawal of ET-18-OMe after seven days, prior to the confrontation with malignant cells. The latter effect and resistance towards invasion were abolished after neuraminidase treatment of PHF, suggesting a pivotal role for sialic acid (5) (6) (7) .
The resistance towards invasion in PHF and the direct involvement of sialic acid after the ET-18-OMe treatment remained to be clarified. We, therefore, investigated the uptake of ET-18-OMe after 48-h treatment (uptake experiment), its retention in PHF after seven days (retention experiment) and the effect on the ·2-3 and ·2-6 sialylation of the cell surface glycoproteins in both conditions. , for the sialyltransferase activities, were purchased from ICN, France. Unlabelled CMP-Neu5Ac, fetuin and Galß1-3GalNAc·-O-paranitrophenyl were purchased from Sigma. Sambucus Nigra agglutinin (SNA), Maackia Amurensis Agglutinin (MAA) and their digoxigenin conjugate, anti-digoxigenin Fab fragments conjugated with alkaline phosphatase, 5-bromo-4-chloro-3-indolyl-phosphate (X-phosphate), 4-nitroblue tetrazolium chloride (NBT) were from Roche (Brussels, Belgium). Other products and solvents were of analytical grade and were used without further purification.
Materials and methods

Reagents
Instrumentation. Samples derivatized with trimethylsilylbromide were injected into a Hewlett-Packard Series II gas chromatograph (8) (9) (10) . A Beckman LS 3801 (CA, USA) scintillation counter was used for the thymidine incorporation and sialyltransferase activity measurements. For the protein determination, a Lambda 15 UV/VIS spectrophotometer was used from Perkin-Elmer (San Jose, CA, USA).
Standard curve. Standards of ET-18-OMe were prepared in a concentration range of 1-50 μg/ml (7.6-380 μM) in the culture medium. HePC (50 μg/ml) ( Fig. 1 ) in the culture medium was used as an internal standard and added to each aliquot. Subsequently, the standards were subjected to a solid-phase extraction (SPE), and treated as described earlier (8) .
Host tissue. Nine-day-old embryonic chick hearts were cut into 0.4 mm diameter fragments and cultured for 48 h at 37˚C, 5% CO 2 , before use and were referred to as PHF. A single Erlenmeyer flask on a Gyratory shaker contained the equivalent of three chick hearts.
Thymidine incorporation. The PHF were cultured in 24-well plates (50 PHF per well). After the removal of the medium, 1 ml culture medium, containing 20 μCi of [methyl-3 H] thymidine was added and cultured for 24 h at 37˚C, 5% CO 2 . The PHF were subsequently rinsed with sodium phosphate buffer (pH 7.4) (PBS), treated with ice-cold 5% trichloroacetic acid (45 min, 40˚C) and solubilized in 1 ml 0.3 M NaOH (1 h, 37˚C). Radioactivity was measured with a scintillation counter.
Uptake and retention measurements of ET-18-OMe. Five out of ten Erlenmeyer flasks were used to measure the uptake of ET-18-OMe into PHF. Therefore, the PHF were treated for 48 h with 10 μg/ml ET-18-OMe followed by the removal of the medium and wash steps with PBS (pH 7.6). Subsequently, the PHF were collected in 5 ml PBS (pH 5.2), homogenized by ultrasonic waves (Biodisruptor, Analis, Ghent, Belgium) and transferred to volumetric flasks of 10 ml. SPE was carried out for PHF suspension and culture media, followed by derivatization and injection into the capillary gas chromatography (cGC) system (10). Likewise, incubating media (1 ml) were analyzed as the control. Data were collected by means of an HP Chemstation and a standard curve of ET-18-OMe with HePC, as an internal standard, was obtained by plotting the ratios of the peak areas of ET-18-OMe vs HePC. For the retention measurements, the incubating media were removed and ET-18-OMe-free medium was added to the five remaining Erlenmeyers containing PHF, followed by further incubation for seven days. The quantitative measurements of ET-18-OMe are as described above. For both the uptake and retention measurements a Bio-Rad cell protein determination was used in order to express the amount of ET-18-OMe per milligram protein.
Sialyltransferase assays. For the sialyltransferase activities, the PHF were washed in PBS and homogenized by ultrasonic waves in 5 ml PBS, containing 0.25 M sucrose. The pellets were removed, after centrifugation at 3,000 x g for 5 min, while the supernatants were further centrifuged at 105,000 x g for 1 h. The obtained supernatants were discarded, and the microsomal fractions were solubilized in 500 μl of 10 mM sodium cacodylate, pH 6.5, containing 1% Triton X-100, 20% glycerol, 5 mM dithiothreitol and 5 mM MnCl 2 , and used for the enzyme assays. Galß1-3GalNAc·-O-paranitrophenyl. The enzymatic reactions were stopped after 2 and 4 h, by adding one volume of ethanol (1:1). Subsequently, the samples were centrifuged at 4000 rpm, 4˚C for 4 min and the supernatants were further processed for scintillation counting (12) .
Asialo-fetuin as substrate. The substrate asialo-fetuin was used to determine the enzymatic activities of three enzymes: CMP-sialic acid, Galß1-4GlcNAc·2-6sialyltransferase; CMP-sialic acid, Galß1-3GalNAc·1-Ser sialyltransferase; and CMP-sialic acid, Galß1-3(4)GlcNAc·2-3 sialyltransferase. Therefore, the aliquots of the PHF suspensions (60 μl, corresponding to 5-30 μg protein) were brought to a final volume of 180 μl, with 0.1 M sodium cacodylate pH 6.5, 0.8% Triton X-100, 0.2 M galactose, 1 mM 2,3-dehydro-2-deoxy-Neu5Ac, 53 μM CMP-[ 14 C]-Neu5Ac (0.58 Gbq.mmol -1 , 5.5 kBq/180 μl), containing 370 μg asialo-fetuin (prepared by mild acid hydrolysis of the native glycoprotein). Enzymatic reactions were stopped after 1 and 3 h, by adding 1 ml icecold phosphotungstic acid (5% in HCl, 2 M). The precipitates were collected on glass fiber filters, washed extensively with 5% trichloroacetic acid, distilled water and ethanol, and further processed for scintillation counting (12) .
To investigate the effect of ET-18-OMe on the surface glycopeptide profiles, the reactions were stopped after 16 h, and the samples were brought on a Bio-Gel P-6 column using amino acetic acid (0.1 M, pH 7.2), in order to separate the sialylated products from the remaining substrate. Next, the sialylated products were collected and desalted on a Bio-Gel P-2 column equilibrated in water followed by lyophilization. The samples were evaporated under a vacuum, after ß-elimination in 0.1 M NaOH containing 1 M BH 4 Na at 45˚C for two days, and washed with methanol (13) . The O-linked glycans were separated from the N-linked glycopeptides by gel permeation on a Bio-Gel P-6, equilibrated in 0.1 M amino acetic acid, pH 7.2 and processed for scintillation counting (12) .
Biotinylation of cell surface proteins.
To investigate the sialylation of the cell surface proteins, PHF, either treated with neuraminidase (50 mU/ml) or not (14) were biotinylated, in accordance with Litvinov and Hilkens (15) . Briefly, the cultures were incubated with 100 μg/ml N-hydroxydisulfosuccimidebiotin (NHS-SS-biotin, Pierce, Chemical Co., Rockford, IL, USA) for 30 min at 0˚C. The biotinylated proteins were recovered with avidin-agarose beads (50%) (Pierce) and prepared for Western blotting.
Western blotting of cell surface glycoproteins. The protein PHF (20 μg), after the uptake and retention of ET-18-OMe, were separated on 4-20% gradient SDS/PAGE gels, under reducing conditions. Western blotting on nitrocellulose membranes was performed as described earlier (16) . The presence of sialic acid (sialylated N-and O-glycan chains) linked ·2-3 or ·2-6 to galactose was measured through the binding of MAA conjugated with digoxigenin (MAA-dig) and SNA conjugated with digoxigenin (SNA-dig). Membranes, with or without 50 mU/ml neuraminidase from Clostridium perfringens (Sigma) (in 50 mM citrate buffer pH 6.0, 0.9% NaCl, 0.1 % CaCl 2 ) at 37˚C, were incubated with anti-digoxigenin alkaline-phosphatase-labeled Fab fragments (Boehringer Mannheim) (1 μg/ml TBS). Labeled glycoproteins were detected by NBT/X-phosphate staining according to the Boehringer Glycan detection kit protocol with minor modifications (17).
Statistics. The student's t-test (p=0.95) was used for the statistical evaluation of the sialyltransferase activities. All the experiments were carried out at least three times.
Results
Effects of ET-18-OMe on proliferation of PHF.
The 3 Hthymidine incorporation in the DNA of PHF treated with ET-18-OMe in the uptake experiments was 756.3±59 DPM/μg protein and 890.2±50 DPM/μg protein for the controls, while the 3 H-thymidine incorporation in PHF treated according to the retention experiments was 635.4±52 DPM/μg protein and 650.6±56 DPM/μg protein for the controls (Fig. 2 ). These data demonstrate a decrease in the 3 H-thymidine incorporation for the uptake experiments compared to the controls. However, this effect could not be observed for the retention experiments. Overall, the incorporation of 3 H-thymidine in PHF was decreased in the uptake experiments compared to the retention experiments.
Levels of uptake and retention of ET-18-OMe.
The uptake and retention measurements of ET-18-OMe in PHF and incubating media are shown in Fig. 3A- C. An average of 13.4±3.9% of ET-18-OMe (20.6±1.7 μg ET-18-OMe/mg protein) was taken up by PHF after 48-h treatment (Fig. 3A-C) and ~70% of the initial uptake, 8.2±3% (15.4±1.9 μg ET-18-OMe/mg protein), was detected after seven days in the ET-18-OMe-free medium (Fig. 3B-C) .
The amount of ET-18-OMe, present in PHF and the incubating media at both time points, was measured and expressed as the percentage of ET-18-OMe dissolved in the culture medium. The average recovery of ET-18-OMe in PHF and the incubating media was 99.6±3.9%. Validation of the cGC method. The linearity of the cGC determination was established in a concentration range of 0 to 50 μg/ml ET-18-OMe in the culture medium, with 50 μg/ml HePC, as an internal standard. A correlation coefficient of 0.999 was obtained with a standard deviation of 0.02. The retention time variability of ET-18-OMe and HePC was 0.01% (n=8). The detection limit of the method in the culture medium was 0.5 μg/ml. For both the uptake and retention measurements, blanks were run and no levels of ET-18-OMe could be detected.
Effect on sialyltransferase activities. The sialyltransferase activities of PHF were assayed, using two substrates: Galß1-3GalNAc·-O-paranitrophenyl and asialo-fetuin. The enzymatic activities for both substrates in the uptake and retention experiments were significantly increased compared to the controls. In addition, higher enzymatic activities were observed in the uptake experiments (Fig. 4A) .
The enzymatic activities of the sialyltransferases on the N-glycoproteins for both the uptake and retention experiments were significantly increased as compared to the controls. In addition, the enzymatic activities of the sialyltransferases on the N-and O-glycoproteins were noticeably higher in the uptake experiments than in the retention experiments. No significant differences were observed in the sialyltransferase activities on the O-glycoproteins for the uptake and retention experiments compared to the controls (Fig. 4B-C) .
Detection of ·2-3 and ·2-6 linked sialic acid residues on cell surface glycoproteins. The PHF, after 48-h ET-18-OMe treatment, were left untreated for seven days and were then separated by SDS page (Fig. 5) . Increased ·2-3 and ·2-6 linked sialic acid residues at the cell surface of PHF were found in the uptake and retention experiments as compared to the controls (Fig. 5A) . The latter could not be observed for PHF treated with neuraminidase (Fig. 5B) . No aspecific binding of the lectins SNA and MAA occurred, as evidenced by the treatment with neuraminidase (Fig. 5C ).
Discussion
Cell surface glycoproteins are involved in cell-cell and cellmatrix interactions. Changes in glycosylation such as branching, sialylation, fucosylation, and the expression of Lewis X and sialyl Lewis X antigens are correlated with either the promotion or inhibition of invasion and metastasis (18, 19) .
The PHF invasion assay is used to study the anti-invasive potential of various drugs and their underlying mechanisms of action (1) (2) (3) . Previous studies have reported that ET-18-OMe inhibited the invasion of a variety of cancer cells into PHF in the following experimental conditions: i) Permanent treatment with ET-18-OMe (20, 21) , or ii) 48-h pretreatment with ET-18-OMe prior to the confrontation with the tumor cells (6, 22) , and iii) in a reversibility experiment, 48-h pretreatment with ET-18-OMe and culturing in ET-18-OMe-free medium for an additional seven days, prior to the confrontation with the tumor cells (23) . These observations suggest that alterations in the glycosylation of the cell surface glycoproteins of PHF, and not the changes in the cancer cells, were responsible for the inhibition of invasion. Both the alterations in the glycosylation of the cell surface glycoproteins and the resistance towards invasion were abolished after neuraminidase treatment of PHF, suggesting a pivotal role for sialic acid (5-7). Additionally, ET-18-OMe-mediated resistance towards invasion has been demonstrated in vivo. A significant decrease in tumor formation was observed in rats treated with ET-18-OMe, prior to the inoculation with mammary carcinomas, suggesting that ET-18-OMe was responsible for alterations in the host tissue (24) .
Previous data have revealed a strong correlation between the cellular uptake and effect of ET-18-OMe (25) (26) (27) (28) (29) (30) (31) , on cellcell adhesion and invasion in particular (32, 33) . A possible explanation for the ET-18-OMe-induced alterations in glycosylation with resistance towards invasion could be ascribed to the uptake and retention of ET-18-OMe in PHF. The cGC method developed in our laboratory (8, 9) proved to be useful for the analytical measurements of not only alkylphospholipids in cell-monolayers (10) but also in complex tissues, such as PHF. Our data clearly show that an average of 13.4% ET-18-OMe was taken up by PHF and about 75% of the original uptake was still present after seven days in ET-18-OMe-free medium. The retention of ET-18-OMe was due to the slower proliferation rate of PHF as compared to the cells cultured in vitro, thereby diluting the incorporated ET-18-OMe. The viability of these fragments was evidenced by the thymidine incorporation, and has previously been shown in migration experiments where no significant differences were observed between the pretreated and untreated PHF (7). Additionally, ET-18-OMe has a longer half-life compared to its parent compound 2-lysophosphatidylcholine (4,33) which is in line with the lack of metabolic breakdown for the duration of the assays (Fig. 3) .
Our results show that ET-18-OMe induced changes in the sialic acid content and the sialyltransferase activities on the N-glycoproteins. Both were significantly enhanced in the PHF treated with ET-18-OMe for 48 h or seven days after the removal of ET-18-OMe. In addition, the sialyltransferase activities were decreased in the retention experiments due to the long-time culturing in vitro and not the presence of ET-18-OMe. Correspondingly, an increase in the ·2-3 and ·2-6 sialylation of the surface glycoproteins was apparent and could still be observed seven days after the omission of ET-18-OMe.
It is still speculative as to how ET-18-OMe increased the levels of sialic acid. The ET-18-OMe-mediated increase in the sialyltransferase activities in the N-linked glycoproteins is in line with the higher levels of the ·2-3 and ·2-6 sialic acid moieties of PHF. These correlations are unfortunately not always straight forward. In a previous study, we showed that ET-18-OMe altered the sialyltransferase mRNA levels and enzymatic activities in MCF-7 breast cancer cells, while no changes in the peripheral sialic acid could be observed (32) .
Sialic acid has been associated with invasion and metastasis (19, 35) . Furthermore, the elevated sialylation of the surface glycoproteins is frequently observed in malignant tumors (19) . Sialic acid is negatively charged and several studies describe the electrostatic repulsion between the sialic acid moieties (18, (36) (37) (38) (39) . A possible explanation may be the repulsion between the sialic acid of malignant cells and the sialic acid of PHF treated with ET-18-OMe, which correlates with the resistance towards invasion.
In conclusion, we suggest that the uptake and retention of ET-18-OMe play a crucial role in the resistance towards invasion in PHF by altering the ·2-3 and ·2-6 sialylation of the cell surface glycoproteins in PHF.
